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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In order to study the fracture properties of non-standard concrete wedge splitting tensile specimens with different initial seam-
height ratios and the impact on concrete fracture toughness based on aggregates cohesive force, five groups non-standard 
concrete wedge splitting specimens with different initial seam height ratios as 0.2, 0.25, 0.3, 0.35 and 0.4 were designed and 
constructed for the experiment. Based on double-K fracture model and fictitious crack model, a new fracture toughness 
calculation model for non-standard concrete wedge splitting tensile specimen with different initial seam height ratios was built. 
The results showed that: the value of initial cracking load iniP  and unstable fracture load unP  decreased gradually with the 
increase of specimens’ initial seam height ratio. With the increase of seam height ratios, the value of the critical effective crack 
length ca  showed a linearly increasing trend, but the subcritical crack propagation length ca  showed a decrease trend. The 
unstable fracture toughness unICK  and the cohesive toughness cICK  were affected by seam height ratios, decreased with initial 
seam height ratios increasing, and the initial fracture toughness iniICK  was independent of it that could be treated as material 
constant. When calculating the initial fracture toughness iniICK , the model in this paper could eliminate the errors caused at the 
moment of determining initial cracking load iniP , w ich pr v d its adva tage. For the specimens with smaller initia  seam height 
ratio, its fracture features was influenced by maximum tension stress and showed some shearing failure. 
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1. Introduction 
As the most important construction materials, concrete has been widely used in hydraulic engineering, civil 
engineering, and many other fields. However, due to own properties of concrete, there are various cracks caused by 
the inevitable defects when pouring, curing and environment changes, it will endanger the safety of structures. 
Consequently, it has a very important engineering value in preventing and controlling the concrete crack to study on 
crack propagation mechanism and fracture properties of concrete. In 1960, Kaplan first tried to use the concept of 
fracture mechanics on concrete, and on this basis, the fracture toughness test was carried out (Kaplan 1961). After 
this, significant researches on fracture properties of concrete have been conducted by many scholars, and the 
research achievements were rich. Such as the fictitious crack model (Hillerborg 1976), the blunt crack band model 
(Bažant 1983), the size effect model (Bazant 1990), and the two parameter fracture model (Jenq and Shah 1985). In 
1992, our country scholar Xu proposed the Double-K fracture model, took the initial fracture toughness iniICK  and the 
unstable fracture toughness unICK  as two basic fracture parameters used to describe the whole process of concrete 
fracture damage, and recommended wedge splitting tensile test and three point bending beam test as the standard test 
method for determination of hydraulic concrete fracture toughness (Xu and Reinhardt 1999). Compared with the 
three point bending beam method, the wedge splitting tensile test has its unique advantage. Given this, many 
scholars did a lot researches on fracture properties and fracture propagation mechanism of concrete by wedge 
splitting tensile test. Abdalla (2003) studied the fracture energy by wedge splitting tests and arrived at the conclusion 
that fracture energy was a size-independent specific fracture energy of concrete. Kumara (2009) used weight 
function determining the double-K fracture parameters by wedge splitting tensile test. And also presented a 
numerical study on relationship between the double-K fracture parameters and the double-G fracture parameters 
using three point bending beam method and wedge splitting tensile method. Müller (2011) did a research on the 
fracture energy of carbonated concrete specimens by a wedge splitting test and the results showed that the fracture 
energy was not all about concrete quality, whether carbonated or not. Bretschneider (2011) studied the boundary 
effect by wedge splitting tests with different specimen sizes on the softening curve of concrete. Zimmermann (2015) 
studied the fracture parameters and their stochastic models of different concrete types after different hardening 
durations by wedge splitting test and numerical simulation. 
Although the research results of concrete fracture properties based on wedge splitting tests have been more and 
more, but for the previous results, when scholars did researches on concrete fracture characteristics of wedge 
splitting specimens with different initial seam height ratios, the tests mostly based on standard specimens (Hu 2015) 
or large initial seam height ratio specimens (Rong 2012). Based on this, this paper conducted wedge splitting tests on 
non-standard specimens with little different initial seam height ratios, built a fracture toughness calculation model 
for non-standard concrete wedge splitting tensile specimen with different initial seam height ratios, and analyzed the 
fracture characteristics of little different initial seam height ratio specimens. 
2. Calculation of fracture parameters 
2.1. Calculation of unstable fracture toughness 
For the fracture toughness ICK  of standard concrete wedge splitting tensile specimen which size is  
200mm×200mm×200mm, from the < Norm for fracture test of hydraulic concrete, DL/T5332-2005, 2005 >, the 
formula is: 
 
    3/2
3.675 1 0.12 0.45 ,1
IC
PK fB H
af H

 

    

       (1) 
But for the non-standard specimens, there is no unified calculation formula. 
In order to calculate the double-K fracture toughness of non-standard concrete wedge splitting tensile specimens, 
in this test an improved testing device was used. By this testing device, the vertical component of external load, 
deadweight and end reaction can be collinear during testing, the schematic diagram is shown in Fig.1. As shown in 
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1. Introduction 
As the most important construction materials, concrete has been widely used in hydraulic engineering, civil 
engineering, and many other fields. However, due to own properties of concrete, there are various cracks caused by 
the inevitable defects when pouring, curing and environment changes, it will endanger the safety of structures. 
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scholars did a lot researches on fracture properties and fracture propagation mechanism of concrete by wedge 
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function determining the double-K fracture parameters by wedge splitting tensile test. And also presented a 
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fracture energy of carbonated concrete specimens by a wedge splitting test and the results showed that the fracture 
energy was not all about concrete quality, whether carbonated or not. Bretschneider (2011) studied the boundary 
effect by wedge splitting tests with different specimen sizes on the softening curve of concrete. Zimmermann (2015) 
studied the fracture parameters and their stochastic models of different concrete types after different hardening 
durations by wedge splitting test and numerical simulation. 
Although the research results of concrete fracture properties based on wedge splitting tests have been more and 
more, but for the previous results, when scholars did researches on concrete fracture characteristics of wedge 
splitting specimens with different initial seam height ratios, the tests mostly based on standard specimens (Hu 2015) 
or large initial seam height ratio specimens (Rong 2012). Based on this, this paper conducted wedge splitting tests on 
non-standard specimens with little different initial seam height ratios, built a fracture toughness calculation model 
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2.1. Calculation of unstable fracture toughness 
For the fracture toughness ICK  of standard concrete wedge splitting tensile specimen which size is  
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formula is: 
 
    3/2
3.675 1 0.12 0.45 ,1
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PK fB H
af H
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 

    

       (1) 
But for the non-standard specimens, there is no unified calculation formula. 
In order to calculate the double-K fracture toughness of non-standard concrete wedge splitting tensile specimens, 
in this test an improved testing device was used. By this testing device, the vertical component of external load, 
deadweight and end reaction can be collinear during testing, the schematic diagram is shown in Fig.1. As shown in 
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Fig.1, the end reaction will balance out the vertical component of external load and deadweight, the force condition 
can simplified to a pair of reverse tensile force on the specimen. Fig.2 is the schematic diagram of compact tension 
specimen, compared with Fig.1 and Fig.2, we can find that the force situation of non-standard concrete wedge 
splitting tensile specimen and compact tension specimen is the same. 
 
Fig.1 The schematic diagram of non-standard wedge splitting test specimen 
 
Fig.2 The schematic diagram of compact tension specimen 
Due to the geometrical characteristics and loading way of wedge splitting tensile specimen is the same as 
compact tension specimen, so we can calculate the fracture toughness ICK  of wedge splitting tensile specimens by 
the formula for compact tension specimens. American Society for Testing and Materials (ASTM) obtained the 
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formula of fracture toughness for standard compact tension specimens ( 2 0.625C W  , / 1.2W H  , 1 / 1.25H H  ) in < 
Stress intensity factor handbook, 1981 > is: 
 
  1/2 3/2 5/ 2 7/2 9/229.6 185.5 655.7 1017.0 638.9
IC
PK fB H
f

     

    
     (2) 
Above formula: P is external load, B is specimen thickness, H is specimen height, = /a H . 
When the specimen size changes, reference (Srawley 1972) gives the table that  f   along with the change of 
/a H , /W H and 2C W . Size of specimens in this paper is 400mm 400mm 200mmW H B     , and / 1.0W H  ,
2 0.5C W  , the  f   along with the change of initial seam height ratios   as shown in Table 1. ( C  is the distance 
that loading location away from the edge of the specimen, W is specimen width, H is specimen height.) 
Table 1 f() along with the change of initial seam height ratios  
 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
f() 5.19 6.51 8.02 10.20 13.99 21.69 41.01 
 
A mathematical relational expression with fitting polynomial by using the method of minimum square is 
obtained: 
 
Fig.3 Curve of f() along with the change of initial seam height ratios  
Based on the above mathematical relational expression, the formula of fracture toughness ICK  for nonstandard 
concrete wedge splitting specimens can be given: 
 
  1/2 3/2 5/2 7/2 9/237.547 285.41 1098.9 1786.4 1093.7
IC
PK fB H
f

     

    
  
    (3) 
When calculating unstable fracture toughness unICK , a  is specimen’s critical effective crack length ac, P is the 
horizontal splitting tensile load Pun when specimen is unstability. ac can be calculated by the following formula (Xu 
and Reinhardt 1999): 
y = 37.547x1/2- 285.41x3/2+ 1098.9x5/2- 1786.4x7/2+1093.7x9/2
R² = 0.9999
0
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 
1/ 2
c 0 0
11.56+ 1
9.397c
un
a H h hCMOD EB
P
               
       (4) 
Above formula: H is specimen height; h0 is thickness of steel disc pasted between the both side of crack mouth; 
CMODc is the critical value of crack mouth opening displacement; B is specimen thickness; elasticity modulus E can 
calculate by the following formula (Xu and Reinhardt 1999): 
2
0 0
0
1 11.56 1 9.397
i
a hE Bc H h
           
        (5) 
ci is initial compliance. 
2.2. Calculation of initial fracture toughness 
Before the fracture formation, there is only horizontal splitting tensile load on specimen, the initial fracture 
toughness iniICK  represents the ability to resisting external loads of structures with seam at the moment of cracks 
begin to expand. When the load increases to a maximum, the specimen will be unstability failure, and the unstable 
fracture toughness unICK  represents the ability to resisting external loads of structures with seam when the load getting 
to a maximum. Because of the stable crack growth process, when unstability failure, the fracture length increase to a 
critical value ca  from initial crack length 0a . In the double-K fracture model, critical crack length ca  is consists of 
the free stress initial crack length 0a  and subcritical crack propagation length ac. Therefore, the initial fracture 
toughness and the unstable fracture toughness are correlative, and the difference value between unstable fracture 
toughness and initial fracture toughness is the effect of cohesive force on subcritical crack propagation length ac. 
From reference (Xu, S.L. and Reinhardt, H.W. 1999), initial fracture toughness iniICK , unstable fracture toughness 
un
ICK  and cohesive toughness cICK  caused by aggregate cohesive force satisfy the following relationship: 
ini un c
IC IC ICK K K            (6) 
By formula (6), after the cohesive toughness cICK  caused by aggregate cohesive force in the stable crack growth 
process is calculated, we can figure out the initial fracture toughness iniICK . 
2.3. Calculation of cohesive toughness 
Reference (Fan et al. 2012) put forward that when the specimen seam height ratio is smaller, the subcritical crack 
propagation length ac is larger, and the crack propagation will be more sufficient. Therefore, by reference (Fan et 
al. 2012) and reference (Xu and Reinhardt 1999), for the specimens with small initial seam height ratio, the tenacity 
will be better, and the crack propagation will be more sufficient, subcritical crack propagation length ac will be 
larger in the process of stable crack growth, this will lead to the greater cohesive force. So the cohesive toughness 
c
ICK  caused by aggregate cohesive force should be taken into account. 
In order to calculate the cohesive toughness cICK , as shown in Figure 4, there is a semi-infinite plate with a crack 
which length is a , and the semi-infinite plate is subjected to a unit counter force P  across the crack away from 
boundary for b . If the plate thickness is B , in this case, the calculating formula of fracture toughness is (Sih 1973): 
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Fig.4 Semi-infinite plate subjected to a unit counter force across the crack 
When the force P roles in the crack reaches maximum value Pmax, the crack tip opening displacement CTOD also 
reaches the critical value CTODc, at this moment, the distribution of cohesive softened stress on fictitious crack is 
shown in Figure 5, thus the distribution of cohesive stress  x  on fictitious crack is: 
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Above formula:  s cCTOD  is the cohesive stress on crack tip when crack tip opening displacement CTOD reaches critical value CTODc, it can be calculated by the concrete nonlinear softening curve (Reinhardt et al. 1986): 
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Above formula: tf  is concrete tensile strength, 1c , 2c  is material constant, 0w  is the largest crack tip opening displacement. For the ordinary concrete, 1 2c  , 2 6.93c  , 0 160w m . When cw CTOD , s  can be calculated by the formula (9). cCTOD  can be calculated by the following formula (Reinhardt et al. 1986): 
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When the specimen is in a state of critical instability, 0x a .  
After the cohesive stress is calculated by formula (8), take the cohesive stress expression into formula (7), then 
integrate the length of crack extension on fictitious crack, the cohesive toughness cICK  caused by cohesive stress in 
the state of critical instability can be obtained: 
 
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xF aK a x dxB a x  
    
          (11) 
With this, the unstable fracture toughness unICK  can be calculated by formula (3), the cohesive toughness cICK  can 
be calculated by formula (11), then take the unstable fracture toughness unICK  and cohesive toughness cICK  into 
formula (6), the initial fracture toughness iniICK  can be obtained. In this paper, when calculating the initial fracture 
toughness iniICK , the effect on fracture toughness by aggregate cohesive force is taken into account, and the fracture 
toughness calculation model for non-standard concrete wedge splitting tensile specimen with different initial seam 
height ratios is built. By this model, the initial fracture toughness iniICK  can be directly obtained by unstable fracture 
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Above formula: H is specimen height; h0 is thickness of steel disc pasted between the both side of crack mouth; 
CMODc is the critical value of crack mouth opening displacement; B is specimen thickness; elasticity modulus E can 
calculate by the following formula (Xu and Reinhardt 1999): 
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propagation length ac is larger, and the crack propagation will be more sufficient. Therefore, by reference (Fan et 
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will be better, and the crack propagation will be more sufficient, subcritical crack propagation length ac will be 
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Fig.4 Semi-infinite plate subjected to a unit counter force across the crack 
When the force P roles in the crack reaches maximum value Pmax, the crack tip opening displacement CTOD also 
reaches the critical value CTODc, at this moment, the distribution of cohesive softened stress on fictitious crack is 
shown in Figure 5, thus the distribution of cohesive stress  x  on fictitious crack is: 
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Above formula:  s cCTOD  is the cohesive stress on crack tip when crack tip opening displacement CTOD reaches critical value CTODc, it can be calculated by the concrete nonlinear softening curve (Reinhardt et al. 1986): 
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Above formula: tf  is concrete tensile strength, 1c , 2c  is material constant, 0w  is the largest crack tip opening displacement. For the ordinary concrete, 1 2c  , 2 6.93c  , 0 160w m . When cw CTOD , s  can be calculated by the formula (9). cCTOD  can be calculated by the following formula (Reinhardt et al. 1986): 
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When the specimen is in a state of critical instability, 0x a .  
After the cohesive stress is calculated by formula (8), take the cohesive stress expression into formula (7), then 
integrate the length of crack extension on fictitious crack, the cohesive toughness cICK  caused by cohesive stress in 
the state of critical instability can be obtained: 
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With this, the unstable fracture toughness unICK  can be calculated by formula (3), the cohesive toughness cICK  can 
be calculated by formula (11), then take the unstable fracture toughness unICK  and cohesive toughness cICK  into 
formula (6), the initial fracture toughness iniICK  can be obtained. In this paper, when calculating the initial fracture 
toughness iniICK , the effect on fracture toughness by aggregate cohesive force is taken into account, and the fracture 
toughness calculation model for non-standard concrete wedge splitting tensile specimen with different initial seam 
height ratios is built. By this model, the initial fracture toughness iniICK  can be directly obtained by unstable fracture 
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toughness unICK  and cohesive toughness cICK , and it is no need to evaluate the initial cracking load value, which can 
eliminate the error by evaluating the initial cracking load value. 
 
 
Fig.5 The cohesive stress distribution on fictitious crack in critical state 
3. Test 
3.1. Test design 
There are 5 groups altogether 20 non-standard concrete wedge splitting tensile specimens with different initial 
seam height ratios prepared for the test, the specimen size is H×W×B=400mm400mm200mm, initial seam height 
ratio of different groups is 0.20, 0.25, 0.30, 0.35, 0.40, specific design parameters is shown in Table 2. 
Table 2 Design parameters of specimen 
Specimen serial 
number 
Specimen size  
  H×W×B（mm） 
Initial seam height ratio 
a0/H 
Initial crack length a0（
mm） Quantity 
WS-020 400400200 0.20 80 4 
WS-025 400400200 0.25 100 4 
WS-030 400400200 0.30 120 4 
WS-035 400400200 0.35 140 4 
WS-040 400400200 0.40 160 4 
 
The concrete strength grade is C25, ordinary portland cement with strength grade 42.5, macadam with particle 
size of 5~20 mm, natural medium sand with fineness modulus 2.6 are used for pouring. When pouring, the concrete 
mix design is cement: sand: stone: water=1.00: 1.92: 3.00: 0.60, and sand percentage is 39%. Specimens are all 
poured in wood patterns, the precasted crack is made by steel disc which thickness is 3mm and has a v-shaped blade. 
After specimens initial setting, pulling out the steel disc and sprinkling water curing indoors at atmospheric 
temperature for shaping in 28 days. 
3.2. Loading and Testing 
Loading and testing device is shown in Fig.6. When testing, the value of external load P is measured by the 
0~50KN tension and compression load sensor. The crack mouth opening displacement CMOD is measured by the 
fracture mechanics clip-on gages pasting at steel disc between the both sides of crack mouth, which measuring range 
is +4~-1.0mm. The concrete strain is measured by the resistance strain gauge with specification BF120-40AA which 
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standard distance is 4cm, and the resistance strain gauges between the sides of crack tip are used for monitoring the 
initial cracking, the resistance strain gauges on ligament direction are used for monitoring crack propagation. 
Measuring of external load P, crack mouth opening displacement CMOD, and concrete strain are all collected by 
DH-3817 dynamic strain testing system on computer. When loading, control loading rate stable at 10N/s and test 
duration for about 30 minutes. 
 
Fig.6 Test loading device 
4. Consequence and analysis 
4.1. Test phenomena 
Through observation, the fracture overall process of non-standard concrete wedge splitting tensile specimens with 
different initial seam height ratios shows the following characteristics: During the initiation of loading, concrete is in 
elastic stage, the specimen is not deformed. With the increase of load, there are small cracks initiated inside the 
concrete gradually, but the crack initiation does not fall under human sight. Along with the load continues to 
increase, cracks inside the concrete extend further, when the stress intensity factor on crack tip reaches to concrete 
initial fracture toughness, concrete begin to cracking, the macro fracture of specimens appear visible to human sight. 
After concrete initial cracking, crack propagation enters a stage of stable. As the load increases to the maximum, 
specimen fracture completely along the direction of prefabricated crack, concrete is unstable and destructive. The 
typical specimen failure pattern is shown in figure 7.  
Because of the difference in initial crack length, there are some differences showing in crack stable growth stage 
of each group. The smaller initial crack length of the specimen, the ligament length is larger, time of initial cracking 
to unstable failure will be longer, and the toughness of specimen is better. 
4.2. P-CMOD curves 
The typical P-CMOD curves of each group are shown in Fig.8. As can be seen from the figure, the P-CMOD 
curves can effectively characterize the stages of crack propagation. During the initiation of loading, crack mouth 
opening displacement CMOD increases gradually with the increase of load, and there is a linear relationship between 
them. At this stage, specimen is in elastic stage and there are no visible cracks. As the load increases to initial 
cracking load, the P-CMOD curve shows a turning point and a nonlinear trend begin to emerge, the increase speed of 
load get reduce. With the increasing of load, crack propagation enters a stage of stable, concrete surface gradually 
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different initial seam height ratios shows the following characteristics: During the initiation of loading, concrete is in 
elastic stage, the specimen is not deformed. With the increase of load, there are small cracks initiated inside the 
concrete gradually, but the crack initiation does not fall under human sight. Along with the load continues to 
increase, cracks inside the concrete extend further, when the stress intensity factor on crack tip reaches to concrete 
initial fracture toughness, concrete begin to cracking, the macro fracture of specimens appear visible to human sight. 
After concrete initial cracking, crack propagation enters a stage of stable. As the load increases to the maximum, 
specimen fracture completely along the direction of prefabricated crack, concrete is unstable and destructive. The 
typical specimen failure pattern is shown in figure 7.  
Because of the difference in initial crack length, there are some differences showing in crack stable growth stage 
of each group. The smaller initial crack length of the specimen, the ligament length is larger, time of initial cracking 
to unstable failure will be longer, and the toughness of specimen is better. 
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The typical P-CMOD curves of each group are shown in Fig.8. As can be seen from the figure, the P-CMOD 
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opening displacement CMOD increases gradually with the increase of load, and there is a linear relationship between 
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appear small macro cracks. When the load increases to a maximum, specimen is unstability failure, load begins to 
decline and CMOD rises quickly. In Fig.8, curves were intercepted from test beginning to unstability failure, which 
can express the trend in every stage more clearly. As can be seen from Fig.8, for the specimens with different initial 
seam height ratios, there are some differences in P-CMOD curves. The smaller initial seam height ratio of the 
specimen, the external load P for unstability failure and the energy for specimen damage will be larger, it suggests 
that the ability to resist failure of the specimen is stronger, and the toughness of specimen is also better. 
 
 
Fig.7 State chart diagram of typical specimen failure 
 
Fig.8 Curves of P-CMOD 
4.3. Fracture parameters analysis 
Taking the experiment measured unstable fracture load Pun and critical crack mouth opening displacement 
cCMOD  of each specimen into formula (3) to (5), to calculate the critical effective crack length ca  and unstable fracture toughness unICK , then calculate the cohesive toughness cICK  by formula (8) to (11). Taking the calculated 
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unstable fracture toughness unICK  and cohesive toughness cICK  into formula (6), the initial fracture toughness iniICK  will be obtained. Each specimen’s fracture parameters calculation results as shown in table 3. 
Table 3 Calculation results on fracture parameters of each specimen 
Specimen serial 
number 
Pini 
(kN) 
Pun 
(kN) 
ac 
(mm) 
ac 
(mm) 
c
ICK
(MPa·m1/2) 
ini
ICK
(MPa·m1/2) 
un
ICK
(MPa·m1/2) 
WS-020-1 17.35 25.63 134.15 54.15 0.665 0.729 1.394 
WS-020-2 18.51 29.51 139.11 59.11 0.881 0.778 1.659 
WS-020-3 18.61 26.33 173.62 93.62 1.060 0.782 1.842 
WS-020-4 17.10 24.67 179.53 99.53 1.069 0.718 1.787 
Mean 17.89 26.53 156.60 76.60 0.919 0.752 1.671 
WS-025-1 10.51 27.37 181.25 81.25 1.537 0.467 2.004 
WS-025-2 11.86 21.83 203.77 103.77 1.299 0.527 1.826 
WS-025-3 11.16 25.34 178.97 78.97 1.335 0.496 1.831 
WS-025-4 19.05 26.46 169.99 69.99 0.966 0.846 1.812 
Mean 13.14 25.25 183.50 83.50 1.284 0.584 1.868 
WS-030-1 10.74 20.71 189.80 69.80 1.160 0.433 1.594 
WS-030-2 13.20 21.71 202.56 82.56 1.297 0.506 1.803 
WS-030-3 12.17 21.31 180.90 60.90 1.102 0.455 1.557 
WS-030-4 11.68 20.52 187.39 67.39 1.127 0.430 1.557 
Mean 11.95 21.06 190.16 70.16 1.172 0.456 1.628 
WS-035-1 10.17 19.48 211.86 71.86 1.140 0.575 1.715 
WS-035-2 10.32 18.12 206.64 66.64 0.959 0.583 1.543 
WS-035-3 9.73 19.40 178.38 38.38 0.846 0.550 1.396 
WS-035-4 10.95 21.43 193.73 53.73 1.069 0.619 1.688 
Mean 10.29 19.61 197.65 57.65 1.004 0.582 1.585 
WS-040-1 8.25 15.32 215.92 55.92 0.853 0.531 1.385 
WS-040-2 8.12 15.07 208.48 48.48 0.775 0.523 1.298 
WS-040-3 9.89 16.51 215.96 55.96 0.856 0.637 1.493 
WS-040-4 10.18 16.07 215.49 55.49 0.793 0.656 1.448 
Mean 9.11 15.74 213.96 53.96 0.819 0.587 1.406 
 Initial cracking load Pini and unstable fracture load Pun 
According to the calculation results in table 3, curves of initial cracking load Pini and unstable fracture load Pun 
along with initial seam height ratio a0/H is shown in Fig.9. As can be seen from Fig.9, along with the initial seam 
height ratio changes, the trend of initial cracking load Pini and unstable fracture load Pun are similar, with the increase 
of initial seam height ratio, the initial cracking load Pini and unstable fracture load Pun of the specimens are gradually 
decrease, and almost reduced in a linear trend. 
In addition, from Fig.9, when initial seam height ratio is 0.2, the variation tendency of initial cracking load has a 
certain difference with other groups. Analysis of the reason is: For the wedge splitting tensile specimen with a 
relatively small initial seam height ratio, its fracture characteristics is affected by the maximum-tensile-stress failure, 
and has a certain shear failure role. For the specimen with large height of section, when the ligament length is large, 
it means the length of the part above crack tip is small, and the failure will be closed to maximum-tensile-stress 
failure which conforms to material characteristics (Hu and Xu 2015). Because there is a certain shear failure role in 
the part above crack tip, and the failure is affected by maximum-tensile-stress failure, so there need a bigger external 
load to make specimen initial crack failure. 
 Critical effective crack length ca  and subcritical crack propagation length ca  
Curve of critical effective crack length ca  and subcritical crack propagation length ca  along with the change of 
initial seam height ratio a0/H is shown in Fig.10, the subcritical crack propagation length 0=c ca a a  . As can be seen 
from Fig.10, in addition to the specimen which initial seam height ratio is 0.2, the critical effective crack length ca  
of other groups are all have a linear growth trend with the initial seam height ratio increase. It illustrates that except 
the specimen with a relatively small initial seam height ratio, the critical effective crack length of non-standard 
wedge splitting tensile specimen has a linear correlation with specimen’s initial seam height ratio. 
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appear small macro cracks. When the load increases to a maximum, specimen is unstability failure, load begins to 
decline and CMOD rises quickly. In Fig.8, curves were intercepted from test beginning to unstability failure, which 
can express the trend in every stage more clearly. As can be seen from Fig.8, for the specimens with different initial 
seam height ratios, there are some differences in P-CMOD curves. The smaller initial seam height ratio of the 
specimen, the external load P for unstability failure and the energy for specimen damage will be larger, it suggests 
that the ability to resist failure of the specimen is stronger, and the toughness of specimen is also better. 
 
 
Fig.7 State chart diagram of typical specimen failure 
 
Fig.8 Curves of P-CMOD 
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unstable fracture toughness unICK  and cohesive toughness cICK  into formula (6), the initial fracture toughness iniICK  will be obtained. Each specimen’s fracture parameters calculation results as shown in table 3. 
Table 3 Calculation results on fracture parameters of each specimen 
Specimen serial 
number 
Pini 
(kN) 
Pun 
(kN) 
ac 
(mm) 
ac 
(mm) 
c
ICK
(MPa·m1/2) 
ini
ICK
(MPa·m1/2) 
un
ICK
(MPa·m1/2) 
WS-020-1 17.35 25.63 134.15 54.15 0.665 0.729 1.394 
WS-020-2 18.51 29.51 139.11 59.11 0.881 0.778 1.659 
WS-020-3 18.61 26.33 173.62 93.62 1.060 0.782 1.842 
WS-020-4 17.10 24.67 179.53 99.53 1.069 0.718 1.787 
Mean 17.89 26.53 156.60 76.60 0.919 0.752 1.671 
WS-025-1 10.51 27.37 181.25 81.25 1.537 0.467 2.004 
WS-025-2 11.86 21.83 203.77 103.77 1.299 0.527 1.826 
WS-025-3 11.16 25.34 178.97 78.97 1.335 0.496 1.831 
WS-025-4 19.05 26.46 169.99 69.99 0.966 0.846 1.812 
Mean 13.14 25.25 183.50 83.50 1.284 0.584 1.868 
WS-030-1 10.74 20.71 189.80 69.80 1.160 0.433 1.594 
WS-030-2 13.20 21.71 202.56 82.56 1.297 0.506 1.803 
WS-030-3 12.17 21.31 180.90 60.90 1.102 0.455 1.557 
WS-030-4 11.68 20.52 187.39 67.39 1.127 0.430 1.557 
Mean 11.95 21.06 190.16 70.16 1.172 0.456 1.628 
WS-035-1 10.17 19.48 211.86 71.86 1.140 0.575 1.715 
WS-035-2 10.32 18.12 206.64 66.64 0.959 0.583 1.543 
WS-035-3 9.73 19.40 178.38 38.38 0.846 0.550 1.396 
WS-035-4 10.95 21.43 193.73 53.73 1.069 0.619 1.688 
Mean 10.29 19.61 197.65 57.65 1.004 0.582 1.585 
WS-040-1 8.25 15.32 215.92 55.92 0.853 0.531 1.385 
WS-040-2 8.12 15.07 208.48 48.48 0.775 0.523 1.298 
WS-040-3 9.89 16.51 215.96 55.96 0.856 0.637 1.493 
WS-040-4 10.18 16.07 215.49 55.49 0.793 0.656 1.448 
Mean 9.11 15.74 213.96 53.96 0.819 0.587 1.406 
 Initial cracking load Pini and unstable fracture load Pun 
According to the calculation results in table 3, curves of initial cracking load Pini and unstable fracture load Pun 
along with initial seam height ratio a0/H is shown in Fig.9. As can be seen from Fig.9, along with the initial seam 
height ratio changes, the trend of initial cracking load Pini and unstable fracture load Pun are similar, with the increase 
of initial seam height ratio, the initial cracking load Pini and unstable fracture load Pun of the specimens are gradually 
decrease, and almost reduced in a linear trend. 
In addition, from Fig.9, when initial seam height ratio is 0.2, the variation tendency of initial cracking load has a 
certain difference with other groups. Analysis of the reason is: For the wedge splitting tensile specimen with a 
relatively small initial seam height ratio, its fracture characteristics is affected by the maximum-tensile-stress failure, 
and has a certain shear failure role. For the specimen with large height of section, when the ligament length is large, 
it means the length of the part above crack tip is small, and the failure will be closed to maximum-tensile-stress 
failure which conforms to material characteristics (Hu and Xu 2015). Because there is a certain shear failure role in 
the part above crack tip, and the failure is affected by maximum-tensile-stress failure, so there need a bigger external 
load to make specimen initial crack failure. 
 Critical effective crack length ca  and subcritical crack propagation length ca  
Curve of critical effective crack length ca  and subcritical crack propagation length ca  along with the change of 
initial seam height ratio a0/H is shown in Fig.10, the subcritical crack propagation length 0=c ca a a  . As can be seen 
from Fig.10, in addition to the specimen which initial seam height ratio is 0.2, the critical effective crack length ca  
of other groups are all have a linear growth trend with the initial seam height ratio increase. It illustrates that except 
the specimen with a relatively small initial seam height ratio, the critical effective crack length of non-standard 
wedge splitting tensile specimen has a linear correlation with specimen’s initial seam height ratio. 
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The subcritical crack propagation length ca  represents the length of crack propagation from initial crack to 
unstable failure, the greater the ca , it means the greater the distance of crack propagation, and the better tenacity of 
specimen. As can be seen from Fig.10, in addition to the specimen which initial seam height ratio is 0.2, the 
subcritical crack propagation length ca  of other groups are all have a downswing with the initial seam height ratio 
increase. This suggest that except the specimen with a relatively small initial seam height ratio, the smaller the initial 
seam height ratio of non-standard wedge splitting tensile specimen, the greater the subcritical crack propagation 
length, the crack propagation more fully and the better tenacity of specimen. 
Moreover, analysis of the specimen which initial seam height ratio is 0.2, we can know that for the specimen with 
a relatively small initial seam height ratio, its fracture characteristics is affected by the maximum-tensile-stress 
failure, and has a certain shear failure role. Compared with other groups, the role of splitting tensile failure is 
relatively small, so the crack propagation of specimen is inadequate and the subcritical crack propagation length is 
smaller. 
 
Fig.9 Curves of Pini and Pun along with a0/H 
 
Fig.10 Curves of ca  and ca  along with a0/H 
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 Fracture toughness 
Initial fracture toughness iniICK  represents the ability to resisting crack initiation of concrete materials, unstable 
fracture toughness unICK  represents the ability to resisting unstable failure of concrete materials, and cohesive 
toughness cICK  represents the ability to resisting crack propagation by aggregate cohesive force of concrete. For non-
standard concrete wedge splitting tensile specimens with different initial seam height ratios, in-depth exploration of 
its fracture toughness is the emphasis for us to studying the characteristics of concrete fracture. 
Fig.11 is the curve of unstable fracture toughness unICK  along with the change of initial seam height ratio a0/H. As 
shown in Fig.11, in addition to the specimen which initial seam height ratio is 0.2, the unstable fracture toughness 
un
ICK  of other groups are all decrease with the increase of initial seam height ratio. It illustrates that for the specimens 
with different initial seam height ratios, except the specimen with a relatively small initial seam height ratio, the 
unstable fracture toughness unICK  of non-standard concrete wedge splitting tensile specimen is affected by the initial 
seam height ratio. 
 
Fig.11 Curve of unICK  along with a0/H 
Fig.12 is the curve of cohesive toughness cICK  along with the change of initial seam height ratio a0/H. As shown 
in Fig.12, with the increase of initial seam height ratio, other than the specimen which initial seam height ratio is 0.2, 
the cohesive toughness cICK  of other groups are all decrease. It illustrates that for the specimens with different initial 
seam height ratios, their cohesive toughness cICK  are affected by initial seam height ratio. The smaller the initial 
seam height ratio of specimen, and its initial crack length is smaller, and the corresponding ligament length greater, 
so the cohesive toughness of the specimen will be larger and the ability to resist crack propagation will be stronger. 
Fig.13 is the curve of initial fracture toughness iniICK  along with the change of initial seam height ratio a0/H. As 
shown in Fig.13, with the increase of initial seam height ratio, other than the specimen which initial seam height 
ratio is 0.2, the initial fracture toughness iniICK  of other groups are remained about the same, which can be considered 
as a constant. It illustrates that for the specimens with different initial seam height ratios, the initial fracture 
toughness iniICK  are not changes with the initial seam height ratios, and it also illustrates that the ability to resisting 
crack initiation is not affected by initial seam height ratio 
In addition, from Fig.13, when a0/H＞0.2, the initial fracture toughness iniICK  of each group calculated by the 
fracture toughness calculation model in this paper are remained about the same, the tendency that initial fracture 
toughness does not changes with initial seam height ratio is more obvious, which proved its advantage. 
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The subcritical crack propagation length ca  represents the length of crack propagation from initial crack to 
unstable failure, the greater the ca , it means the greater the distance of crack propagation, and the better tenacity of 
specimen. As can be seen from Fig.10, in addition to the specimen which initial seam height ratio is 0.2, the 
subcritical crack propagation length ca  of other groups are all have a downswing with the initial seam height ratio 
increase. This suggest that except the specimen with a relatively small initial seam height ratio, the smaller the initial 
seam height ratio of non-standard wedge splitting tensile specimen, the greater the subcritical crack propagation 
length, the crack propagation more fully and the better tenacity of specimen. 
Moreover, analysis of the specimen which initial seam height ratio is 0.2, we can know that for the specimen with 
a relatively small initial seam height ratio, its fracture characteristics is affected by the maximum-tensile-stress 
failure, and has a certain shear failure role. Compared with other groups, the role of splitting tensile failure is 
relatively small, so the crack propagation of specimen is inadequate and the subcritical crack propagation length is 
smaller. 
 
Fig.9 Curves of Pini and Pun along with a0/H 
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 Fracture toughness 
Initial fracture toughness iniICK  represents the ability to resisting crack initiation of concrete materials, unstable 
fracture toughness unICK  represents the ability to resisting unstable failure of concrete materials, and cohesive 
toughness cICK  represents the ability to resisting crack propagation by aggregate cohesive force of concrete. For non-
standard concrete wedge splitting tensile specimens with different initial seam height ratios, in-depth exploration of 
its fracture toughness is the emphasis for us to studying the characteristics of concrete fracture. 
Fig.11 is the curve of unstable fracture toughness unICK  along with the change of initial seam height ratio a0/H. As 
shown in Fig.11, in addition to the specimen which initial seam height ratio is 0.2, the unstable fracture toughness 
un
ICK  of other groups are all decrease with the increase of initial seam height ratio. It illustrates that for the specimens 
with different initial seam height ratios, except the specimen with a relatively small initial seam height ratio, the 
unstable fracture toughness unICK  of non-standard concrete wedge splitting tensile specimen is affected by the initial 
seam height ratio. 
 
Fig.11 Curve of unICK  along with a0/H 
Fig.12 is the curve of cohesive toughness cICK  along with the change of initial seam height ratio a0/H. As shown 
in Fig.12, with the increase of initial seam height ratio, other than the specimen which initial seam height ratio is 0.2, 
the cohesive toughness cICK  of other groups are all decrease. It illustrates that for the specimens with different initial 
seam height ratios, their cohesive toughness cICK  are affected by initial seam height ratio. The smaller the initial 
seam height ratio of specimen, and its initial crack length is smaller, and the corresponding ligament length greater, 
so the cohesive toughness of the specimen will be larger and the ability to resist crack propagation will be stronger. 
Fig.13 is the curve of initial fracture toughness iniICK  along with the change of initial seam height ratio a0/H. As 
shown in Fig.13, with the increase of initial seam height ratio, other than the specimen which initial seam height 
ratio is 0.2, the initial fracture toughness iniICK  of other groups are remained about the same, which can be considered 
as a constant. It illustrates that for the specimens with different initial seam height ratios, the initial fracture 
toughness iniICK  are not changes with the initial seam height ratios, and it also illustrates that the ability to resisting 
crack initiation is not affected by initial seam height ratio 
In addition, from Fig.13, when a0/H＞0.2, the initial fracture toughness iniICK  of each group calculated by the 
fracture toughness calculation model in this paper are remained about the same, the tendency that initial fracture 
toughness does not changes with initial seam height ratio is more obvious, which proved its advantage. 
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Fig.12 Curve of cICK  along with a0/H 
 
Fig.13 Curve of iniICK  along with a0/H 
When the initial seam height ratio is 0.2, according to the analysis of specimen: For the specimen with a relatively 
small initial seam height ratio, when the specimen’s height of section is bigger, the corresponding ligament length is 
longer, the failure of the part above crack tip is closed to maximum-tensile-stress failure which conforms to material 
characteristics, and it has a certain shear failure role. When there is a shear failure role on specimen, specimen 
failure will be a trend of slant failure, therefore a part of energy in the process of crack propagation will be 
consumed by the shear failure role, it will lead to a smaller unstable fracture toughness. Similarly, for the cohesive 
toughness, due to the trend of slant failure and the energy consumption by the shear failure role in the process of 
crack propagation, so compared with other groups, the corresponding splitting tensile damage role will be smaller, it 
will lead to a inadequate extension of crack and smaller aggregate cohesive force of concrete, which result in a 
smaller cohesive toughness. For initial fracture toughness, as a result of the part above crack tip is affected by the 
shear failure role, so it will consume more energy to make the crack initiation damage occur, which resulting in a 
larger initial fracture toughness. 
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5. Conclusions 
 The value of initial cracking load iniP  and unstable fracture load unP  decrease gradually with the increase of 
specimens’ initial seam height ratio. With the increase of initial seam height ratios, the value of the critical 
effective crack length ca  shows a linearly increasing trend, but the subcritical crack propagation length ca  
shows a decrease trend, and the smaller the initial seam height ratio of the specimen, the crack propagation will 
be more fully and the tenacity of specimen will be better. 
 The unstable fracture toughness unICK  and the cohesive toughness cICK  are affected by initial seam height ratios, 
decrease with initial seam height ratios increasing, and the initial fracture toughness iniICK  is independent of it that 
could be treated as material constant. When calculating the initial fracture toughness iniICK , the fracture toughness 
calculation model in this paper can eliminate the errors caused at the moment of determining initial cracking load 
iniP , which proved its advantage. 
 For the specimen with a relatively small initial seam height ratio, its fracture features is influenced by maximum-
tensile-stress failure, and it has a certain shear failure role, which will need larger initial cracking load to make 
the crack initiation damage occur, and lead to a larger initial fracture toughness. When the specimen is affected 
by the shear failure role, the splitting tensile failure role will be smaller, which will lead to a inadequate crack 
propagation, and the subcritical crack propagation length, the cohesive toughness, the unstable fracture toughness 
will be smaller. 
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5. Conclusions 
 The value of initial cracking load iniP  and unstable fracture load unP  decrease gradually with the increase of 
specimens’ initial seam height ratio. With the increase of initial seam height ratios, the value of the critical 
effective crack length ca  shows a linearly increasing trend, but the subcritical crack propagation length ca  
shows a decrease trend, and the smaller the initial seam height ratio of the specimen, the crack propagation will 
be more fully and the tenacity of specimen will be better. 
 The unstable fracture toughness unICK  and the cohesive toughness cICK  are affected by initial seam height ratios, 
decrease with initial seam height ratios increasing, and the initial fracture toughness iniICK  is independent of it that 
could be treated as material constant. When calculating the initial fracture toughness iniICK , the fracture toughness 
calculation model in this paper can eliminate the errors caused at the moment of determining initial cracking load 
iniP , which proved its advantage. 
 For the specimen with a relatively small initial seam height ratio, its fracture features is influenced by maximum-
tensile-stress failure, and it has a certain shear failure role, which will need larger initial cracking load to make 
the crack initiation damage occur, and lead to a larger initial fracture toughness. When the specimen is affected 
by the shear failure role, the splitting tensile failure role will be smaller, which will lead to a inadequate crack 
propagation, and the subcritical crack propagation length, the cohesive toughness, the unstable fracture toughness 
will be smaller. 
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